One of the recognized differences between normal and cancer cells is in their metabolic profile. Tumor cells tend to produce energy through glycolysis rather than the much more efficient oxidative phosphorylation pathway, which healthy cells generally prefer. This phenomenon is identified as the Warburg effect. Although several functional explanations have been proposed for the Warburg effect, the competitive advantage of it is still subject of debate. Here we present a thermodynamic model to simulate the competition of cancer and normal cells in terms of bioenergetics. Our model shows that the Warburg effect has an advantage because the entropy production rate is increased and metabolic efficiency is decreased for cancer cells. Although inefficiency is generally considered a competitive disadvantage for living organisms, the thermodynamic model shows that it is not always the case. Indeed, when the energy resources are abundant and the system has a limited ability to export entropy, the organism with a higher rate of entropy production will have a higher chance of survival despite its lower metabolic efficiency. This thermodynamic model predicts that as long as there are enough nutrients in circulating blood, there are two thermodynamic strategies to control cancer cell populations, i. e., (i) decreasing the entropy production rate of cancer cells and (ii) increasing normal cells' entropy production rate.
Introduction
Cancer is a complex disease, which has been studied by a wide variety of disciplines. From the ecological perspective, cancer cells are in constant competition with normal cells for nutrients and space in the ecosystem of the body [1, 2] . One of the recognized aspects of this competition is the different bioenergetic profile of cells [3, 4, 5] . Most cancer cells, even in the presence of oxygen, produce their energy through glycolysis rather than the much more efficient mitochondrial oxidative phosphorylation pathway which normal cells generally prefer, a phenomenon known as the Warburg effect [6] . Since glycolysis is an inefficient way to produce adenosine triphosphate (ATP), cancer cells are obliged to take up more nutrients to survive [7] . Otto Warburg originally proposed that cancer cells may have a defect in mitochondrial respiration that results in an increased glycolytic rate [8] . However, other studies demonstrated that mitochondrial function is not damaged in most tumor cells [9, 10] . Vander Heiden et al. suggest that glycolysis accelerates the incorporation of nutrients into the building blocks required to generate a new cell [11] . However, a definitive advantage of the Warburg effect for cancer cells has remained elusive.
From a thermodynamic point of view, cancer cells demonstrate lower metabolic efficiency [11] , higher temperature and heat production [12, 13] , and a higher entropy production rate [12, 14, 15, 16] in comparison to normal cells. Although inefficiency is generally considered a competitive disadvantage for living organisms, there should be an evolutionary advantage in this metabolic profile for cancer cells. While the origin of cancer cells is well described by somatic mutation theory, the underlying mechanisms governing the competition between cancer cells and normal cells remain unknown. Understanding these mechanisms is essential since they act in both the initiation of a tumor and the emergence of resistance to cancer therapy [2] .
This study aims to investigate how the competition of cells could be affected by their thermodynamic behavior. Therefore, we present a thermodynamic model to evaluate the effects of metabolic efficiency on the survival rate of cells in different environmental situations. This model suggests a new thermodynamic advantage for the Warburg effect and could explain several unsolved phenomena related to cancer, such as spontaneous regression of cancer after infection [17] . Finally, this model provides suggestions on how thermodynamic rules can contribute to both cancer prevention and long-term control of cancer cell populations.
Thermodynamics of living organisms
According to the Second Law of Thermodynamics, every spontaneous process is accompanied by entropy production. Since entropy is considered as a measure of disorder and chaos in a system [15] , the question is how a living cell can keep its internal highly organized structure (low-entropy state) despite constant internal entropy production due to its spontaneous metabolic reactions. Schrödinger addressed this question in 1944 in his famous book "What Is Life?" [18] . According to Schrödinger, an organism can stay alive only if it succeeds in freeing itself from internal entropy by pumping entropy out [18] . In principle, entropy can be exported in two ways, i. e. (i) absorbing low-entropy nutrients (e. g., glucose, glutamine) and yielding high-entropy waste products (e. g., CO 2 and H 2 O) and (ii) by generating heat (Figure 1 ) [19, 20, 21] . Schrödinger's statement can be rewritten as [19, 20] 
where dS/dt is the rate of entropy change in a living organism,Ṡ prod is the rate of internal entropy production due to its metabolic reactions,Ṡ out is the rate of pumping entropy out,Q is the rate of heat exchange, S exch is the rate of entropy change due to the exchange of chemical species between an organism and the environment, and T is the temperature in Kelvin.
As indicated by Schrödinger, in order to maintain the state of high organization, the living cell must avoid an increase of internal entropy by keeping dS/dt ≤ 0. In other words, the rate of exporting entropy (Ṡ out ) should always be equal to or higher than the rate of internal entropy production (Ṡ out ≥Ṡ prod ) [18, 21] . Otherwise, entropy could theoretically accumulate in the living organism and result in thermal death or structural disorganization [21, 22] . The two methods of removing entropy from the cell can be unified in terms of Gibbs energy dissipation (ΔG) that accompanies cell function [21] . In this respect, it is convenient to assume that the whole process of life is the sum of catabolic (breaking complex molecules down) and anabolic (building complex molecules) reactions, which can all be unified in a single "macrochemical equation" [22] . By assuming that the cellular composition remains constant, the cell can be regarded as an open thermodynamic system functioning at a steady state [22] . The new biomass (macromolecules) formed by the cell can also be regarded as the product of the macrochemical reactions. This reaction results in a decrease in the Gibbs free energy of the surrounding environment [19, 21] , which can be calculated as follows [20, 21] :
where ΔG m and ΔH m are the amount of Gibbs energy dissipated and the heat produced by the macrochemical reaction of life per one mole of new biomass produced, respectively, and ΔS m is the chemical entropy difference between nutrients and one mole of new biomass. Equation (2) indicates that Gibbs free energy of the living environment dissipates through two mechanisms, i. e., heat generation by the living organism (ΔH) and the increase of chemical entropy (ΔS) as a result of the production of waste products of higher entropy than the nutrients (Figure 1 ). Assuming the cells to be at steady state and not doing useful mechanical work, the internal entropy production rate (Ṡ prod ) can be calculated as follows [21] :
whereξ is the rate of macrochemical reaction. SinceṠ prod is always positive for living organisms, ΔG m must be negative. This equation indicates that Gibbs free energy of the environment dissipates at the rate of −T.Ṡ prod . According to eq. (3), the more entropy is produced by the organism, the more negative is ΔG of the environment [22] . Since negative ΔG indicates irreversibility of a given chemical reaction, it could be considered as the driving force of the macrochemical equation of life [19] . Various metabolic pathways have different values of ΔG m and entropy production. Living organisms are capable of modifying their rate of entropy production (Ṡ prod ) by choosing different metabolic pathways. The question that needs to be answered is what the role of entropy production rate is in the natural selection process and how the competition between living organisms could be affected by ΔG m .
Living organisms keep their internal low-entropy state at the expense of increasing the entropy of the environment. From a thermodynamic point of view, this could be compared to refrigerators, since they use electric energy to keep the internal temperature low at the expense of heating the external environment. In order to answer the question mentioned above, a thought experiment is developed composed of two refrigerators with different rates of entropy production to investigate their competition in different situations. This thermodynamic model clarifies, if all other conditions are equal, how the competition of living organisms could be affected by bioenergetics.
Thought experiment: Competition of refrigerators
Consider two refrigerators in a thermally insulated room with a bomb inside of each, and if they fail to cool down the internal chamber, the bomb will explode (see Figure 2 ). Refrigerator A is an energy-efficient unit, and refrigerator B is an energy consuming one. Both of them have the same cooling capacity, which means they absorb an equal amount of heat from the interior compartment in a given time. However, refrigerator B consumes a larger amount of energy compared to refrigerator A to do the same job. The question is: which bomb will explode first? One may expect that refrigerator A is always the winner of this competition since it uses energy more efficiently than refrigerator B. However, it will be demonstrated that each unit has its competitive advantage in different situations.
Situation one: Power shortage
If the electric power is insufficient to supply both refrigerators, refrigerator B will fail to remove the required amount of heat from the interior chamber and temperature inside refrigerator B will increase, and the bomb will explode. So, refrigerator A will be the winner of the competition in the power shortage situation. 
Situation two: Unlimited electric power
If the supplied electric power is more than the actual need of refrigerators, both of them will successfully transfer heat from the interior chamber to the room (the environment). Since the room is thermally insulated, the ambient temperature of the room will gradually increase so that it interrupts the function of the refrigerators. Since refrigerator B uses more electric power, it generates more heat, and its external radiator will be hotter than that of refrigerator A. When the room temperature reaches the temperature of the external radiator of refrigerator A, the radiator fails to transfer heat to the environment, and the internal temperature of refrigerator A will increase, and the bomb will explode. So, when there is a surplus of energy, refrigerator B will win the competition.
Discussion
In terms of physics, the above argument about the competition of refrigerators is, in principle, applicable to the competition between normal and cancer cells. The human body, as an ecosystem, has limited ability to export entropy out and is equivalent to the thermally insulated room in the thought experiment. Cancer cells, with a high rate of glucose uptake and lactate production, are generally considered inefficient cells [11, 15] and are analogous to refrigerator B. Likewise, normal cells, using nutrients efficiently through oxidative phosphorylation, are equivalent to refrigerator A. Electric power, room temperature, and refrigerator temperature are respectively equivalent to nutrient supply, the entropy of the ecosystem, and the intracellular entropy level. The increase in room/refrigerator temperature is equivalent to chaos in the ecosystem/living cell, representing itself as structural and functional imbalances. The explosion of the bomb corresponds to the deterioration of the macromolecules inside the cells due to the increase in entropy. The only way to prevent explosion of the bomb is to preserve the internal low-entropy state.
In comparison to normal cells, cancer cells demonstrate higher rates of nutrient consumption [4, 23] , lower metabolic efficiency [11] , and a higher entropy production rate [12, 14, 15, 16] . Being inefficient might be generally considered as a competitive disadvantage. However, as demonstrated in the thought experiment, being efficient is only an advantage in a situation of energy shortage. For example, when nutrients are scarce, living organisms spontaneously adjust their metabolic pathways to extract the maximum free energy from available nutrients to survive the famine period [11] . In this situation, the living organisms with higher efficiency and a lower rate of entropy production may have a higher chance of survival since they are capable of providing the required ATP from the least amount of nutrients. This situation is in accordance with the minimum entropy production principle in thermodynamics, indicating that non-equilibrium systems tend to a stationary state characterized by the minimum rate of entropy production [24, 25] .
On the other hand, when more nutrients are available than the actual need of the whole system, and the ecosystem has limited ability to export heat and waste products, the subsystem with lower efficiency and higher rate of dissipation of free energy will win the competition (Figure 2, situation two) . This result is in agreement with the maximum entropy production principle, indicating that the entropy production rate of non-equilibrium processes in open thermodynamic systems spontaneously increases to attain the maximum possible level [26, 27, 28] .
This thermodynamic model predicts that as long as there are enough nutrients in circulating blood, akin to the situation of abundant energy in the thought experiment, there are two thermodynamic solutions to control the cancer cell population, i. e., (i) decreasing the entropy production rate of cancer cells and (ii) increasing normal cells' entropy production rate. Many of the current anticancer therapies could be listed under the first strategy, e. g., anti-glycolysis chemotherapy drugs and angiogenesis inhibitors. However, during the 2010s, only a few studies have paid attention to the other strategy [14, 29, 30] . Luo et al. reasoned that if entropy production of normal cells increases to a higher level than that of cancer cells, entropy flows from healthy to cancer cells and suppresses tumor growth [14, 30] . They suggested that applying square wave electric pulses could increase the entropy production rate of normal cells [14, 30] . Likewise, when nutrients are abundant, any conditions that increase the entropy production rate of healthy cells could have an anticancer effect. According to eq. (3), an increase inṠ prod could be achieved through increasing the metabolic rate, ξ , or ΔG m of normal cells. This treatment strategy is well supported by studies reporting spontaneous regression of cancer following a prolonged severe fever [17, 31] . Since fever increases the metabolic rate [32] and entropy production rate [33] of the human body, it could be considered as an evolutionary advantage for normal cells in competition with cancer cells when nutrients are abundant. This is a thermodynamic explanation for fever therapy, which used to be an anticancer treatment strategy a century ago [34] .
Under conditions of limited nutrient availability, this model predicts that cancer cells with a high entropy production rate will have a lower chance of survival in comparison to normal cells. Supporting this result, several studies demonstrated that glucose or glutamine deprivation triggers cell death selectively in cancerous cells and not in normal cells [35, 36] . There are also several pieces of evidence implying that periods of caloric restriction lead to lower cancer incidence in different mammals [37, 38, 39] . The effects of resource abundance/limitation on the evolution of proliferative or dormant cancer cells have also been explained by Aktipis et al. based on the "life history theory," which presents long-term benefits of the limitation of resources to keep tumors in the dormancy phase [40] .
It should be noted that not all tumor cells are dependent on glycolysis; neither are they exposed to a constant supply of nutrients. Tumors are composed of a dynamic mixture of clones, with different bioenergetic profiles and microenvironments, competing for nutrients and cooperating to avoid the immune system. However, the proliferative cancer cells are glycolytic [11] , and they evolve in nutrient-rich microenvironments [40] .
Conclusions
In this contribution, regardless of the initiator mechanisms of carcinogenesis, the competition of normal and cancer cells is explained by thermodynamic rules. Accordingly, in vivo or in vitro measurement of the entropy production rate of tumors could be considered as a quantitative criterion for planning the best thermodynamic treatment for each patient. Theoretically, as long as nutrients are abundant, if the entropy production rate of normal cells increases to the level of cancer cells, the tumor is expected to enter the latency phase.
